the first large-scale whole genome sequencing resource representative of the largest ethnic group in the world. Samples are collected from 58 hospitals from 23 provinces around China. We are able to call 22 million high quality single nucleotide polymorphisms (SNP) from the nuclear genome, representing the largest SNP call set from an East Asian population to date. We use these variants for imputation of genotypes across all samples, and this has allowed us to perform a successful genome wide association study (GWAS) on MDD. The utility of these data can be extended to studies of genetic ancestry in the Han Chinese and evolutionary genetics when integrated with data from other populations. Molecular phenotypes, such as copy number variations and structural variations can be detected, quantified and analysed in similar ways.
Background & Summary CONVERGE 1 is the largest whole-genome sequencing cohort representative of the Han Chinese population to date. It is also the most comprehensive collection of sequence variants from any non-Caucasian population.
The 1000 Genomes Project 2-4 , Hapmap project 5 , the Human Genome Diversity Project 6 (HGDP) and most recently assembly of many population based cohorts in the Haplotype Reference Consortium have enabled the study of genetic diversity in human populations and the building of population reference panels for checking any new cohorts against as well as genotype imputation. Despite these efforts, most genetic studies have mostly been conducted in European and African populations. Examples of relatively large GWAS on East Asian populations on schizophrenia 7 , IgA nephrology 8 , prostate cancer 9 and systemic lupus erythematosus 10 have discovery sample sizes below 2,000 cases. In comparison, more diseases are studied using the GWAS method on populations of European descent, more cohorts were collected by independent groups for each disease, many of them are aggregated in large consortiums for joint analysis, and as such have sample sizes at least a scale of magnitude larger. Some examples include the Wellcome Trust Case Control Consortium Phase 1 (ref. 11) (WTCCC-1, all samples of European descent), the DIAGRAM Consortium for type-II diabetes 12 (34,840 cases and 114,981 controls, mostly of European descent), the CardioGRAM Consortium 13 for coronary artery disease (60,801 cases and 123,504 controls, mostly of European descent), the CHARGE Consortium 14 (38,000 samples, all analyses restricted to Europeans or European Americans) and most recently, the UKBiobank and 23andMe datasets each containing hundreds of thousands of samples and numerous quantitative and qualitative traits reflective of human physiology and lifestyle.
Few methods 15 had been developed to analyze cross population data, and significant success has only recently been achieved in meta-analysis 16 . Such successes have also been limited to genetic loci that have similar allele frequency distributions in different populations. Most resources such as recombination maps, linkage disequilibrium (LD) maps, and particular disease related gene annotations [17] [18] [19] being developed with and drawing information mostly from European populations, and population specific ones are increasing in numbers but still exceptions 20 rather than the norm. CONVERGE samples 1 consist of cases of recurrent MD collected from 58 provincial mental health centres and psychiatric departments of general medical hospitals in 45 cities and 23 provinces of China. A similar number of controls are recruited from patients undergoing minor surgical procedures at general hospitals (37%) or from local community centres (63%). While these data are collected for the investigation of genetics of severe recurrent MDD in the Han Chinese population, sequence data from this dataset are a resource for population genetics studies on the Han Chinese population. In particular, these data can be used as a reference panel for future design of genotyping arrays specific to the Han Chinese population, and as comparison with other populations in the investigation of human evolution and migration. LD maps, recombination maps and allele frequency spectrums can be generated from this dataset for use as reference for Han Chinese or other related East Asian populations.
In addition, the presence of mitochondrial sequence data at an average coverage of 102X in all CONVERGE samples 21, 22 can be used to trace the maternal lineage of the Han Chinese population. We have previously reported mitochondrial DNA copy number is under genetic control 22 ; there are potentially other molecular traits detectable from whole-genome sequencing data under genetic control.
CONVERGE is the largest genetic resource derived from next generation whole genome sequencing (WGS) and it showcases the utility of low-coverage WGS in providing high quality genotypes for GWAS at common variant sites. We outline the tested practices in sequence data processing, variant calling, variant filtering, imputation and downstream quality control, setting a benchmark for future studies using low coverage WGS for GWAS and other genetic analyses.
Methods

Sample collection
CONVERGE collected cases of recurrent MDD from 58 provincial mental health centres and psychiatric departments of general medical hospitals in 45 cities and 23 provinces of China. Controls were recruited from patients undergoing minor surgical procedures at general hospitals (37%) or from local community centres (63%). Cases were excluded if they had a pre-existing history of bipolar disorder, psychosis or mental retardation. Cases were aged between 30 and 60 and had two or more episodes of MDD meeting DSM-IV criteria 23 with the first episode occurring between 14 and 50 years of age, and had not abused drugs or alcohol before their first depressive episode. All subjects were interviewed using a computerized assessment system. Interviewers were postgraduate medical students, junior psychiatrists or senior nurses who had gone through at least a week of training by the CONVERGE team. The diagnosis of MDD was established with the Composite International Diagnostic Interview (CIDI) (WHO lifetime version 2.1; Chinese version), which utilized DSM-IV criteria. The interview was translated into Mandarin by a team of psychiatrists in Shanghai Mental Health Centre, with the translation reviewed and modified by members of the CONVERGE team.
DNA sequencing
DNA was extracted from saliva samples using the Oragene protocol. A barcoded library was constructed for each sample. Sequencing reads obtained from Illumina Hiseq machines were aligned to Genome Reference Consortium Human Build 37 patch release 5 (GRCh37.p5) with Stampy (v1.0.17) 24 using default parameters, after filtering out reads containing adaptor sequencing or consisting of more than 50% poor quality (base qualityo = 5) bases. Samtools (v0. 1.18) 25 was used to index the alignments in BAM format 25 and Picardtools (v1.62) was used to mark PCR duplicates for downstream filtering. The Genome Analysis Toolkit's (GATK, version 2.6) 26 Base quality score recalibration (BQSR) was then applied to the mapped sequencing reads using BaseRecalibrator in Genome Analysis Toolkit (GATK, basic version 2.6) 26 with the known insertion and deletion (INDEL) variations in 1000 Genomes Projects Phase 1 and known single nucleotide polymorphisms (SNPs) from dbSNP (v137, excluding all sites added after v129) excluded from the empirical error rate calculation. GATKlite (v2.2.15) 26 was then used to output sequencing reads with the recalibrated base quality scores while removing reads without the 'proper pair' flag bit set by Stampy (1-5% of reads per sample) using the --read_filter ProperPair option (if the 'proper pair' flag bit is set for a pair of reads, it means both reads in the mate-pair are correctly oriented, and their separation is within 5 standard deviations from the mean insert size between mate-pairs). 
Calling and imputation of genotypes at SNPs included in GWAS
Variant discovery and genotyping (for both SNPs and INDELs) at all polymorphic SNPs in 1000G Phase1 East Asian (ASN) reference panel 3 was performed simultaneously using post-BQSR sequencing reads from all samples using the GATK's UnifiedGenotyper (version 2.7-2-g6bda569) using option --genotype_likelihood_model BOTH and default annotation outputs for variant calls. dbSNP v137 rsids were used to fill in the variant ID column of the result variant call format (VCF) files using the --dbSNP option. Variant quality score recalibration (VQSR) was then performed with GATK's VariantRecalibrator (v2.7-4-g6f46d11) in SNP variant calls using the SNPs in 1000 Genomes Phase 1 ASN Panel 3 as the known, truth and training sets with a prior of 15.0, and the following default annotations: -an QD -an HaplotypeScore -an MQRankSum -an ReadPosRankSum -an FS -an MQonly. A sensitivity threshold of 90% to SNPs in the 1000G Phase1 ASN panel was applied for SNP selection for imputation after optimizing for Transition to Transversion (TiTv) ratios in SNPs called. Genotype likelihoods (GLs) were calculated at selected sites using a sample-specific binomial mixture model implemented in SNPtools (version 1.0) 27 , and imputation was performed at those sites without a reference panel using BEAGLE (version 3.3.2) 28 . A second round of imputation was performed with BEAGLE on the same GLs, but only at biallelic SNPs polymorphic in the 1000G Phase 1 ASN panel using the 1000G Phase 1 ASN haplotypes as a reference panel. A final set of allele dosages and genotype probabilities was generated from these two datasets by replacing the results in the former with those in the latter at all sites imputed in the latter. We then applied a conservative set of inclusion threshold for SNPs for genome-wide association study (GWAS): (a) P-value for violation HWE > 10
, (b) Information score > 0.9, (c) MAF in CONVERGE > 0.5% to arrive at the final set of 6,242,619 SNPs for individual genotype analsyses.
Haplotype calling
The genotypes derived from Beagle imputation were phased using Shapeit (version 2, revision 790) 29 . Genetic maps were obtained from the Impute2 (ref. 30) website. Chromosomes 13-22 and X were phased using 12 threads and default parameters. Chromosomes 1-12 were phased using 12 threads in four chunks that overlap by 1MB. The phased chunks were ligated together using ligateHAPLOTYPES, available from the Shapeit website.
Ethical approval
The study protocol was approved centrally by the Ethical Review Board of Oxford University (Oxford Tropical Research Ethics Committee) and the ethics committees of all participating hospitals in China. All interviewers were mental health professionals who are well able to judge decisional capacity. The study posed minimal risk (an interview and saliva sample). All participants provided their written informed consent. 
Data Records
Sequence data
Sequencing data of 11,670 samples in paired FASTQ files are available from the European Nucleotide Archive (ENA) at Study and Short Read Archive Accession PRJNA289433 (Data Citation 1). Data totals about 100 terabytes (TB); after download, alignment of raw sequence data in paired FASTQ format to Genome Reference Consortium Human Build 37 patch release 5 (GRCh37.p5) with BWA takes not more than 2 h per FASTQ file (4 h per pair) and less than 5 gigabytes (GB) of RAM per process. Once in BAM format, preprocessing steps can be parallelized per sample using less than 12GB of RAM and 2 h on a single processor.
SNP variant calls from sequence data
A list of high quality SNP variant sites 1 with major and minor alleles and allele frequencies in both the CONVERGE cohort and 1000 Genomes Phase 1 ASN samples in variant call format (VCF) is provided through Figshare (Data Citation 2).
Imputation and genotypes
We imputed genotype probabilities and obtained alternative allele dosages at 22,847,544 SNPs from all autosomes and chromosome X including 20,539,441 SNPs in the CONVERGE cohort and all polymorphic sites in the 1000 Genomes ASN Panel on all 11,670 CONVERGE samples, as detailed in Cai et al.
1 (Data Citation 2). After applying stringent quality controls, we obtained 10,640 samples (5,303 cases of MDD, 5,337 controls) for inclusion in GWAS of MDD 1 . We have submitted all imputed genotypes at 20,539,441 SNPs of these 10,640 samples passing quality control in VCF format to the European Variations Archive (EVA), Accession PRJNA289433 (same Accession as the sequence data, see 'Analysis Files' on ENA study page, Data Citation 3); access will be brokered through the EVA with standard application procedures. SNPs with imputation information score below 0.95 (a higher threshold than we had used for our GWAS analysis) are marked 'INFO0.95' instead of 'PASS'. Minor allele frequency, P value for violation of Hardy-Weinberg equilibrium and imputation information score are also present in the INFO column of the VCFs. As CONVERGE is part of Phase 2 of the Haplotype Reference Consortium 31 (HRC), these data will also be available in the near future through the HRC.
Genome wide association study summary statistics GWAS on MDD and mitochondrial DNA copy number quantified from sequencing data are published 1, 22 ; summary statistics for GWAS on MDD is available from the Psychiatric Genomics Consortium (https://www.med.unc.edu/pgc/files/resultfiles/converge.MDD.summary_stats.2Sep2015.tbl.gz) and on Figshare (Data Citation 4) and that of mitochondrial DNA copy number for all common SNPs (>5% MAF) is available on Figshare (Data Citation 5). All phenotypes are currently under analysis, interested research groups and individuals are welcome to contact us directly for collaborations and access.
Technical Validation
These methods are expanded versions of descriptions in our related work Cai et al. 1 . Whole genome NGS on 11,670 samples
The coverage of sequencing is the number of times, on average, a single site in the genome is covered by sequencing reads. For each sample in CONVERGE, the average sequencing coverage over the nuclear genome is 1.7x, and that on the mitochondrial genome is 102x (Fig. 1) .
Variant calling and variant quality recalibration
Sets or 'tranches' of SNPs with increasing VQSLOD scores (increasing stringency in exclusion of outliers and concomitant decreasing sensitivity to known SNPs) from VQSR (Methods) were generated at the specified sensitivities to known SNPs using the -tranche option: -tranche 100.0 -tranche 99. Table 1 summarizes this information. A sensitivity to known SNPs of 90.0% was chosen for the inclusion of novel SNPs in downstream analyses, as it balances optimization of TiTv ratio in novel SNPs with retaining as many potential novel SNPs as possible so as not to lose variant information. This gave a total of 21,356,798 (9,053,391 known in 1000 Genomes Phase 1 ASN Panel and 11,486,024 novel), biallelic SNPs identified from all chromosomes and unassembled contigs. 20,539,441 SNPs from the autosomes and chromosome X were put forth for imputation of genotype probabilities and downstream analyses. All known sites in 1000 Genomes Phase 1 ASN panel were included in all further analyses regardless of whether they were identified as polymorphic in CONVERGE, and their VQSLOD scores if they were identified as polymorphic in CONVERGE. Numbers of SNPs imputed in each chromosome and the percentage of SNPs in each category are shown in Table 2 .
Imputation quality
Using high coverage (10x) sequencing. Nine samples in CONVERGE were sequenced to an average of 10x coverage using the same Illumina Hiseq platform used for the low-coverage sequencing samples. Mapping and processing of the 10x sequencing reads were performed in an identical fashion as the low-coverage sequences. Variant calling (for both SNPs and INDELs) was performed on the high coverage dataset using sequencing reads from all nine samples with UnifiedGenotyper in GATK (v2.7-2-g6bda569) using option --genotype_likelihood_model BOTH and default annotation outputs for variant calls. dbSNP v137 rsids are used to fill in the variant ID column of the result variant call format (VCF) files using the --dbSNP option.
Variant quality score recalibration (VQSR) was performed using two different training sets. The first VQSR was performed using SNP variant calls using the SNPs in 1000 Genomes Phase 1 ASN Panel as the known, truth and training sets with a prior of 15.0 and the default annotations just like it was done for the raw variant calls from the low coverage data, but with two maximum Gaussians for building the positive model instead of one, with the --maxGaussian option. The second VQSR was performed using SNPs from the HumanOmniZhongHua-8 (v1.0) BeadChip. Sets or 'tranches' of SNPs with increasing VQSLOD scores (increasing stringency in exclusion of outliers and concomitant decreasing sensitivity to known SNPs) were generated at the specified sensitivities to known SNPs using the -tranche option: -tranche 100. We calculated the percentage concordance between hard-called genotypes from imputed genotype probabilities (where the genotype with the maximum imputed genotype probability>0.9 was called) and genotypes called from the 10x coverage sequencing data at all imputed variant sites for each of the nine samples. The mean concordance per sample across all sites was 98.1% (s.e. = 0.12%) and the percentage concordance calculated for each alternative allele frequencies was shown in Fig. 2 .
We also calculated r 2 between imputed allele dosages and genotypes from the 10x coverage sequencing data at all imputed variant sites for each of the nine samples. The mean r 2 per sample across all sites was 0.938 (s.e. = 0.003). The r 2 calculated for each alternative allele frequencies is shown in Fig. 3 . Supplementary Table 1 from Cai et al. 1 combines all these information and shows the mean percentage concordance and Pearson r 2 among 9 samples for each genotype class (homozygous reference, heterozygous and homozygous alternative) for each alternative allele frequency bin.
Using HumanOmniZhongHua-8 (v1.0) BeadChip on 72 samples. 72 samples from CONVERGE were genotyped on the Illumina HumanOmniZhongHua-8 (v1.0B) BeadChip which contains 898,122 SNPs, optimized for the Chinese population using tag SNPs from all three HapMap phases and the 1000 Genomes Project. Sample genotypes with GenCall score of 0.15 or lower were considered no-calls. 857 ,766 out of the 895,623 SNPs on the array were included in our imputation (95.77%). Upon examining, why 37,857 SNPs on the array were not imputed, we found that SNPs that were on the array, but not imputed, were not polymorphic in either CONVERGE samples or 1000 Genomes Phase 1 ASN panel. None of the 72 samples genotyped were polymorphic at these 37,857 sites. Table 3 shows the number of SNPs genotyped on the Zhonghua array on each chromosome, and the call rate among the 72 samples on each chromosome. 855,132 SNPs that showed biallelic polymorphism in CONVERGE or the 1000 Genomes Phase1 ASN Panel and passed genotyping quality filters were used for comparison with imputation results. We calculated the percentage concordance (Fig. 4) and Pearson r 2 (Fig. 5 ) between hard-called genotypes and allele dosages from imputation with genotype calls from the ZhongHua8 genotyping array for all 855,132 SNPs on 72 samples. The overall percentage concordance for all 855,132 imputed SNPs genotyped on the array was 98.0% (s.e. = 0.04%) and the overall r 2 was 0.974 (s.e. = 0.0005). Supplementary Table 2 from Cai et al. 1 shows the mean percentage concordance and Pearson R 2 among 72 samples for each genotype class (homozygous reference, heterozygous and homozygous alternative) for each alternative allele frequency bin. At all alternative allele frequency bins between 1 to 99%, the mean percentage concordances were above 96% and the mean R 2 s were above 0.87.
Using Sequenom at 21 sites. 11,669 samples out of all CONVERGE samples were genotyped at 21 random sites in the genome using a custom Sequenom SpectroCHIP (1 sample was not genotyped as there was not enough DNA of adequate quality for genotyping on the Sequenom platform). Mass spectra were collected using the MassARRAY system mass spectrometer and TYPER4.0 was used to assess the reliability of genotype calls generated by SpectroREAD from the mass spectra. Default genotype call inclusion criteria were used.
Just as we had compared imputed results with genotypes called directly from 10x coverage sequencing and the Illumina HumanOmniZhongHua Beadchip, we calculated the percentage concordance and r 2 between hard-called genotypes and allele dosages from imputation with genotype calls from the Sequenom for each of the 21 sites that were genotyped. An r 2 of 0.988 and concordance of 98.19% were obtained for the 21 sites. Per site r 2 (mean = 0.985) and percentage concordance (mean = 98.16%) are shown Table 4 (also Supplementary Table 3 of Cai et al. 1 ) along with the alleles and MAF of each site.
Selection of samples for genetic analyses
Sample contamination. We performed a range of quality control filters on all 11,670 samples and selected only those samples with high-quality sequencing results and imputed genotype probabilities for downstream analysis. We first looked into both the nuclear genome and mitochondrial genome for an excess of variants called, since this would indicate cross-sample contamination due to technical issues during sequencing. We quantified the number of singleton variants called in the genic regions of the nuclear genome (Methods) and found a mean of 71.55 singletons variants in exon regions across the whole genome supported by more than 2 sequencing reads passing sequencing quality controls per sample. While most samples fall in a normal distribution with mean of 71.55 singletons, others had excess singletons, which could be indicative of poor DNA quality that compromised sequencing and mapping qualities. We excluded 117 samples with a number of singletons greater than the 99th percentile (237.62 singletons).
We then asked if there were any samples with an excess of heteroplasmic mutations in the mitochondrial DNA per sample. As the DNA for all individuals recruited in CONVERGE were extracted from saliva samples, which would also contain the oral microbiome, external DNA contamination levels could be told from number of mismatches in mapped reads at regions of the genomes where the human genome was similar to bacterial genomes. The mitochondrial DNA in human genome, a 16 kb circular DNA, is one of such instances. Mitochondrial DNA is inherited only from the mother and there is a strict bottleneck in the female germline for mitochondrial DNA, usually only one clonal copy of mitochondrial DNA is inherited at a time. Heteroplasmic variations in the mitochondrial genome (where two or more alleles are present at a single position in the mitochondrial genome of a single individual) are rare and usually occurring at low levels. Mismatches that occur in some sequencing reads mapping to the mitochondrial DNA region of the human genome reference in one sample would therefore indicate either a rare event heteroplasmy, or a contamination from similar DNA sequences of bacterial origins. Samples with excessive numbers of heteroplasmic sites can therefore be suspected as having a higher than normal level of bacterial contamination, and the conservative approach would be to filter them out to ensure the quality of sequencing, and all downstream analyses.
Coverage of the mitochondrial genome is on average 102X, making it possible to obtain high quality sequence for this part of the genome. We called a mean of 15.70 heteroplasmic sites per sample, and 116 samples were found to have greater than the 99th percentile of number of heteroplasmic sites. Of these 116 samples, 26 were already discarded for having excess nuclear genome singletons; we excluded the additional 90 from further analysis.
Sample relatedness. Varying levels of relatedness could cause inflated P-values and even false positive results in GWAS, as alleles inherited together due to high relatedness but not related to etiology of disease could appear so in association testing. To exclude duplicates and first degree relatives from our sample for GWAS, we calculated the proportion IBD (PIHAT, estimated as P(IBD = 2)+0.5*P(IBD = 1)) for every pair of samples in CONVERGE using LD pruned SNPs (LDo 0.5). We excluded all pairs of samples (392 samples in total) whose PIHAT exceeded 0.5 and P(IBD = 1) exceeded 0.75 from further analyses.
Finally, we also excluded 29 samples with fewer than 90% of imputed sites with maximum genotype probabilities>0.9, and 402 samples with incomplete phenotype information. We used the remaining set of 10,640 samples (5,303 cases of MDD, 5,337 controls) for GWAS on MDD and mitochondrial DNA levels (Data Citation 4 and Data Citation 5).
Usage Notes
CONVERGE is the largest well-curated, high quality low-coverage WGS dataset from a single study and a single population where all samples are from the same ethnic group. Although sequencing was performed at low coverage, we have shown good quality genotypes can be obtained through recalibration of sequencing base qualities, filtering of variants based on sensitivity to known variants, imputation using a two-step approach, and finally strict quality control over imputed genotypes. We have also shown robust ways of identifying and removing potentially contaminated samples using sequencing data, particularly where the source of DNA was saliva. We have ensured there are no related individuals in this dataset for downstream genetic analysis, and we recommend using genotypes of SNPs with high imputation information scores, available in the VCF we provide through EVA (Data Citation 3) in future analyses. We encourage all users of CONVERGE data to use and expand upon on these quality control measures especially when performing analyses on rare, copy number and structural variants, for which we do not currently have gold standards in low coverage WGS. Development of methods and best practices for these purposes can enable more economical sequencing of large cohorts, and the usage of existing data to the fullest.
The CONVERGE project has the aim of studying MDD in a homogenous population where genetic ancestry and cultural diversity minimally confound genetic effects. Hospital staff, trained to use computer-assisted interviews, obtained highly detailed information on clinical symptoms, comorbidities, personality traits, social support, socio-economic status, life style, and major stressful life events. All cases of MDD collected in CONVERGE had severe and recurrent MDD not concurrent with other major illnesses (85% of cases of MDD in CONVERGE come under the severe subtype with somatic symptoms, Melancholia). The use of screened controls limited the possibility of including undiagnosed cases of MDD in the study. These, together with strict inclusion criteria for ancestry, age (between 30 to 60) and sex (only females) of all samples in CONVERGE, made CONVERGE the most homogenous and extensively phenotyped cohort of severe, recurrent MDD and matched controls to date.
MDD is a highly heterogeneous disease with different ages of onset and physiological symptoms, prevalence between sexes, definitions across cultural contexts and diagnostic instruments. In addition to heterogeneity in the disease presentation, misdiagnoses and biases in self-reporting further contribute to heterogeneity in studies with less detailed enquiry, documentation and classification of MDD phenotypes. Until recently, GWAS has not been able to uncover genetic loci associated with MDD due to the complex genetic architecture 32 (commonly thought to consist of small effects from numerous common genetic variants) compounded with heterogeneity in disease identification and characteristics. The estimated number of samples needed for uncovering a genetic locus associated with this heterogenous disease was 50,000 cases and a similar number of controls. In CONVERGE we have shown that using stringent criteria and deep phenotyping to minimise misdiagnosis and biases in self-reporting, we were able to find and replicate two genetic associations to MDD using a tenth of the estimated sample size. Thus, in some cases, dissection of disease etiology through studying clearly defined and rigorously collected phenotypes can lead to a substantial increase in power to detect genetic effects. We note the contrast in strategy with a recent study using data from 23andMe that reported 15 genetic associations with 30 times our sample size and a yet bigger departure from our definition of MDD 33 . It will take further investigations to know if and how these new genetic associations from a large but heterogenous cohort may contribute to genetic heterogeneity in MDD.
